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Introduction: Several cities in Malaysia have established plans to reduce their CO2 emissions, in addition to Malaysia submitting a Nationally Determined Contribution to reduce its carbon intensity (against GDP) by 45% in 2030 compared to 2005. Meeting these emissions reduction goals will require a joint effort between governments, industries, and corporations at different scales and across sectors.
Methods: In collaboration with national and sub-national stakeholders, we developed and used a global integrated assessment model to explore emissions mitigation pathways in Malaysia and Kuala Lumpur. Guided by current climate action plans, we created a suite of scenarios to reflect uncertainties in policy ambition, level of adoption, and implementation for reaching carbon neutrality. Through iterative engagement with all parties, we refined the scenarios and focus of the analysis to best meet the stakeholders’ needs.
Results: We found that Malaysia can reduce its carbon intensity and reach carbon neutrality by 2050, and that action in Kuala Lumpur can play a significant role. Decarbonization of the power sector paired with extensive electrification, energy efficiency improvements in buildings, transportation, and industry, and the use of advanced technologies such as hydrogen and carbon capture and storage will be major drivers to mitigate emissions, with carbon dioxide removal strategies being key to eliminate residual emissions.
Discussion: Our results suggest a hopeful future for Malaysia’s ability to meet its climate goals, recognizing that there may be technological, social, and financial challenges along the way. This study highlights the participatory process in which stakeholders contributed to the development of the model and guided the analysis, as well as insights into Malaysia’s decarbonization potential and the role of multilevel governance.
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1 INTRODUCTION
As the world continues to feel the effects of climate change, almost every country is making plans to mitigate their emissions (UNFCCC, 2023). Since the Paris Agreement was enacted in 2016, 195 signatories have submitted their Nationally Determined Contribution (NDC) to reduce emissions and adapt to climate-related impacts. While this is a step towards limiting global warming, the level of ambition behind and capacity to develop and fulfill these NDCs varies greatly by country. As the third highest emitter of carbon dioxide (CO2) per capita in Southeast Asia (World Development Indicators, 2023), Malaysia has developed numerous plans to reduce emissions and meet their NDC, which includes an unconditional pledge to reduce its economy-wide carbon intensity (against GDP) by 45% in 2030 compared to the level in 2005 (‘Malaysia’s update of its first nationally determined contribution’, 2021). There are several methods available to help countries plan their mitigation strategies, including using integrated assessment models (IAMs).
While IAMs, which link human and earth systems interactions, have been used sub-nationally in Malaysia to help inform emissions mitigation plans (Chau et al., 2021; Hibino and Masui, 2023), they have not yet been openly utilized for national decarbonization strategies or to assess city-national dynamics, and can be a useful tool to help Malaysia reach its climate goals. Integrated assessment modeling has been used for decades to help evaluate the future of climate change, including the use of the Global Change Analysis Model (GCAM, described in section 2.2) (Edmonds and Reilly, 1986; Weyant et al., 1996; Calvin et al., 2019). GCAM analysis can be more beneficial when stakeholders and those with regional knowledge are involved in the modeling process. Stakeholder participation in climate-related integrated assessment modeling can improve the quality of decisions made throughout the analysis, build trust and acceptance of results, better identify key policies, goals, and targets, and define the most relevant scenarios (Cohen, 1997; Parker et al., 2002; Salter, Robinson and Wiek, 2010). Despite these benefits, there is a need to involve stakeholders more closely in the scenario design process to improve the reliability and applicability of this work (O’Neill et al., 2020).
Malaysia can benefit from this stakeholder-driven analysis as the country is currently in the process of developing its long-term low-emission development strategy (LT-LEDS), led by the Ministry of Natural Resources, Environment, and Climate Change (NRECC)1. This LT-LEDS will be submitted to the United Nations Framework Convention on Climate Change (UNFCCC), and will describe Malaysia’s long-term emissions reduction plans. While the LT-LEDS has not been submitted and there is no formal commitment for long-term emissions reductions, in 2021 the former prime minister of Malaysia announced a goal to reach carbon-neutrality as early as 2050 (Malaysia Ministry of Economy, 2021). Currently, Malaysia does not have concrete national decarbonization strategies with targets extending beyond 2040, though individual cities have made plans out to 2050 (Kuala Lumpur City Hall, 2021b).
Cities will play a vital role in Malaysia achieving its NDC and 2050 carbon-neutral target, as urban growth continues and has a significant impact on emissions (Lwasa et al., 2022). Some major cities and urban regions, such as Kuala Lumpur and Iskandar Malaysia, have developed comprehensive plans to tackle climate change and its impacts (Universiti Teknologi Malaysia Low Carbon Asia Research Center, 2013; Ho et al., 2020; Kuala Lumpur City Hall, 2021a; 2021b). With cities accounting for more than 70% of CO2 emissions globally (Lwasa et al., 2022), these plans, as well as collaboration with the national government, will be important to the achievement of Malaysia’s national and sub-national emissions goals.
In this work, we explored pathways to reduce CO2 emissions and reach carbon neutrality in Malaysia and Kuala Lumpur through stakeholder-driven integrated assessment modeling. Using GCAM, we modeled three scenarios informed by current climate planning documents and stakeholder feedback. We formed knowledge-sharing partnerships with three stakeholders in Malaysia at both the national and sub-national levels, and engaged with each of them regularly throughout the study, both virtually and in-person. Through this process, we collaborated to understand the needs of stakeholders and the direction of the analysis that would be most useful for their emissions mitigation planning and policy development. Additionally, we established a partnership between Pacific Northwest National Laboratory (PNNL) and the Universiti Teknologi Malaysia (UTM) to help facilitate the analysis and build capacity to run GCAM in-country, and understand model outputs for use by the stakeholders. This inclusive and participatory process resulted in applicable insights and recommendations as Malaysia continues to work toward their NDC and develops their LT-LEDS.
Section 2 of this paper describes our methods, including details on the stakeholder engagement and model development processes. Section 3 assesses the results of our modeling, highlighting five main areas: emissions reduction potential (3.1), decarbonizing the power sector (3.2), end use and demand side measures (3.3), the need for advanced technologies (3.4), and the role of Kuala Lumpur in Malaysia’s decarbonization (3.5). Finally, Section 4 provides insights and recommendations on the stakeholder-driven modeling process and our GCAM results.
2 METHODS
Section 2.1 of Methods includes details about the relationship between PNNL and UTM, goals of our interactions with stakeholders, and stakeholder engagement process. Section 2.2 describes GCAM, and additional model developments that were undertaken for this work. Section 2.3 includes components of our scenario development and covers technical information about how current policies and plans were represented in GCAM.
2.1 Partnerships and engagement
2.1.1 PNNL and UTM partnership
Before developing a partnership between PNNL and UTM, PNNL established criteria to select a city and country to conduct this analysis in. This selection focused on countries with cities that were ASEAN Smart Cities; a group of Southeast Asian cities experiencing rapid urbanization. For each city, PNNL considered the level of interest in collaborating expressed by the city, their existing capacity, the existence of other networks where the city was already working with multiple stakeholders on decarbonization and smart city development (such as C40 Cities), willingness to think holistically, data availability, and replicability. Kuala Lumpur was identified as a city that met several of the criteria. PNNL then began identifying partners through existing networks.
UTM was chosen as PNNL’s partner institution through a detailed selection and prioritization process led by PNNL. One of the selection criteria was that the research partners were part of existing energy or integrated assessment modeling networks, recognizing that teams who had participated in international modeling exercises likely had strong capacity and an understanding of modeling best practices. PNNL did additional research on potential partners to get a sense of their modeling and analysis capabilities, as well as knowledge on decarbonization. After identifying UTM as a candidate, PNNL reached out to them by email to arrange a call to better learn about their interest, capacity, and existing stakeholder relationships at the city and national levels in Malaysia. UTM had connections with several entities at the city and national levels, was familiar with integrated assessment modeling, had authored low carbon plans for Kuala Lumpur and 17 other Malaysian cities, and was interested in working together. This collaboration served to better PNNL’s understanding of the local context, data, and climate action measures by having an in-country partner, and to build capacity for GCAM modeling in Malaysia through UTM’s existing relationships with Malaysian stakeholders. By combining PNNL’s technical expertise with UTM’s local knowledge and connections, we were able to foster a two-sided engagement that resulted in a more robust and inclusive analysis.
2.1.2 Stakeholder engagement
Using UTM’s existing connections and through the US Embassy in Kuala Lumpur, our team collaborated with three stakeholders in Malaysia: the Kuala Lumpur City Hall (DBKL, based on its Malaysian acronym), the Sustainable Energy Development Authority Malaysia (SEDA), and NRECC (Table 1). While establishing the partnership between PNNL and UTM, our team discussed which government entities to engage with. UTM had worked directly with DBKL on climate action plans for Kuala Lumpur, and had connections with SEDA and NRECC. The roles and expertise of these stakeholders were considered during this process, as it was important to engage with those who were knowledgeable on Malaysia’s current climate plans and goals, and participate in the decision-making processes around these matters. After expressing interest in working with DBKL, SEDA, and NRECC as stakeholders, UTM and the US Embassy in Kuala Lumpur helped PNNL arrange meetings with them. Before formalizing consistent engagement, PNNL and UTM jointly had multiple meetings with DBKL, and UTM had meetings with SEDA and NRECC to discuss their involvement in the analysis. We then engaged these entities throughout the modeling process; they provided us with feedback on assumptions, results, and the goals of our analysis while also learning from our modeling expertise. This partnership was facilitated through a series of workshops, resulting in four principal meetings each at the national and sub-national levels.
TABLE 1 | Names of our collaborators and an overview of their roles and expertise related to this analysis.
[image: Table 1]Meetings with stakeholders were conducted through alternating webinars and in-person meetings, though additional communication through email was required for planning and follow-up. Separate webinars were organized for national and sub-national stakeholders, meaning that we met with NRECC and SEDA at the same time and DBKL separately. For in-person meetings, we met with each stakeholder group separately, aside from a workshop that included all three stakeholders. Supplementary Table S1 gives an overview of each of these meetings, including topics that were discussed. The following sections provide information on the goals of each of our meetings and how these engagements informed our modeling and analysis.
2.1.2.1 Meeting summaries
PNNL and UTM prepared a presentation for each meeting to guide the discussion, which was sent to the stakeholders beforehand. Typically, meetings included an introduction and recap of previous conversations, presentation of GCAM results, next steps, and open discussion. Meetings were led by PNNL and UTM, with stakeholders encouraged to ask questions or contribute at any time.
The goals of the first set of meetings were to familiarize the stakeholders with GCAM, identify their priorities for the analysis, and discuss scenario development (Section 2.3) and policies (Section 2.3.1). These discussions were imperative to ensure our work aligned with the stakeholders’ needs, and that the results could help inform their decarbonization planning. From this, we learned about current emissions mitigation planning strategies and areas where we could add to their existing knowledge, especially in terms of gaps in their scenarios. The second meetings took place in Malaysia, and were focused on reviewing our preliminary results with the stakeholders. Meeting the stakeholders in-person facilitated a stronger working relationship, and allowed them to provide feedback and express any concerns about the initial model results. From these discussions, we were able to further develop our analysis in line with up-to-date data to provide the most accurate results, resulting in more trust in and validity of our analysis. Once the stakeholder feedback was incorporated (Section 2.1.2.2), we had a third round of meetings with the national and sub-national stakeholders to review the updated results and provide an opportunity for the partners to request additional information before we finalized the results. The fourth meetings again took place in Malaysia, where we were able to meet with DBKL and NRECC individually. These meetings primarily served as a setting to present our final modeling results and recommendations, and to discuss potential next steps and future collaboration. Our key insight from this is that periodic engagement with the stakeholders was vital for a successful outcome, especially early in the analysis. The preliminary results review was a formative step in the process; without the opportunity to get this feedback, our analysis could have been misguided.
2.1.2.2 Incorporating feedback
In these meetings we received feedback from the stakeholders on the study scope and design, policies we were modeling, scenarios, and GCAM results. Our first two sets of meetings were particularly important for and focused on receiving feedback, since at this stage we were working on scenario development and reviewing preliminary results. Virtual meetings were recorded through Microsoft Teams and the transcript function was used for notetaking, in addition to taking notes by hand, to ensure all stakeholder feedback was captured. This allowed us to look back on conversations and confirm details. For in-person meetings, we took notes by hand.
Our first workshop with DBKL, SEDA, and NRECC resulted in feedback on the policies we planned to model in GCAM based on Malaysia’s and Kuala Lumpur’s decarbonization planning documents. Feedback on these policies included using more up-to-date target values or years from plans that had not yet been released and removing policies that were no longer being considered. We used this feedback to update the policy inputs for our scenarios. For example, we adjusted the amount of public transportation being targeted in the future and removed nuclear power as an option for electricity generation. We also received feedback on the three scenarios we had developed, especially our Carbon Neutral scenario. Feedback on this scenario was centered around additional policies and technologies that the Malaysian government is considering, but are not included in official plans. Figure 1 illustrates our engagement process, including when feedback was incorporated.
[image: Figure 1]FIGURE 1 | An overview of our partnership and engagement process. Blue events are related to selecting and establishing connections, green are modeling, and purple are principal meetings.
The second set of meetings took place in Malaysia 4 months after the first meetings, and stakeholders were able to review our changes based on their initial feedback as well as preliminary GCAM results. These meetings resulted in feedback on more policy changes, like including an ambitious hydrogen fuel policy and adding hydropower expansion for renewable energy. Feedback from our GCAM results included changing some terminology on our figures, and showing additional figures for results like indirect emissions and carbon prices. This input was incorporated through more adjustments to the policies included in our scenarios, and an updated and expanded set of figures for GCAM results. Our third and fourth meetings prioritized discussing final results, insights, recommendations, and future collaboration and involved incorporating only minor feedback into our modeling and analysis.
2.2 Global change analysis model
Due to the multisector involvement required for decarbonization and impacts on multiple systems, GCAM was well-suited to conduct this analysis. GCAM is an established, open-source, IAM that represents the interactions between five systems: land use and agriculture, energy, water, climate, and the economy. It models the global energy system with a spatial resolution of 32 geopolitical regions, and agriculture and land use with a spatial resolution of 384 regions based on the intersection of the energy regions with water basins. GCAM has been prominent in analyzing decarbonization pathways, including for the United States Long-Term Strategy (Hultman et al., 2020; Ou et al., 2021; United States Department of State and United States Executive Office of the President, 2021; Bergero et al., 2022; Cui et al., 2022; Kim et al., 2022; Fuhrman et al., 2023). This study used a version of GCAM 6.0, with additional region-specific developments described in Sections 2.2.1, 2.2.2. The model runs in 5-year intervals from 1975 through 2100. GCAM uses historical data from 1975 to 2015 and is based on market-equilibrium economics to solve for 2020–2100. For this study, we ran GCAM through 2050 as a reasonable mid-century decarbonization goal based on statements from Malaysia’s government (Malaysia Ministry of Economy, 2021).
2.2.1 City-level modeling
For this analysis, we developed a version of GCAM, GCAM-SEA, that includes Kuala Lumpur, Rest of Malaysia (RoM), and Malaysia as regions in the model, where RoM represents all of Malaysia except Kuala Lumpur. We downscaled the base model’s data based on historical and projected population and gross domestic product (GDP) data for Malaysia and Kuala Lumpur. For Malaysia, a median variant projection from the United Nations was used for population (United Nations Department of Economic and Social Affairs, 2022), and a projection from shared socioeconomic pathway 2 (SSP2) was used for GDP (International Institute for Applied Systems Analysis, 2018). For Kuala Lumpur, population and GDP projections are based on official projections by the Department of Statistics Malaysia used in the Kuala Lumpur Structure Plan 2040 (Kuala Lumpur City Hall, 2021a). These projections represent future population and GDP pathways that do not vary much from historical trends. This region-specific version of GCAM allowed us to gather insights on national and sub-national dynamics, including the role that Kuala Lumpur can play in Malaysia’s decarbonization, which provided valuable insights for DBKL. At the sub-national level, we used GCAM-SEA to gain insight into the buildings, industry, and transportation sectors. Table 2 shows the general methods used for downscaling each sector to the city-level, though additional adjustments were made in some cases. Primary energy, electricity generation, and the land and water systems are all modeled at the national level, as individual cities typically have less governance over these areas.
TABLE 2 | Brief descriptions of the downscaling methods used to model sectoral energy demand at the city-level.
[image: Table 2]Additional adjustments were made for the buildings and transportation sectors to better capture city-specific representation. For buildings, we modeled a 100% urban population in Kuala Lumpur (Department of Statistics Malaysia, 2020) (explained in Section 2.2.2), which captures a different portfolio of building technologies and energy demands than a rural area. For transportation, we adjusted public and private ground transportation shares based on city-level data, where Kuala Lumpur has a higher share of public transit use than the RoM. For transportation related to shipping and aviation, we assumed 1% of all energy demands were attributed to Kuala Lumpur, after receiving feedback that the city-level emissions from these modes were too high based on downscaling by population.
2.2.2 Detailed-buildings modeling
We developed a detailed representation of the buildings sector that distinguishes between urban and rural residential buildings and commercial buildings, and includes expanded set of technologies to capture impacts from national and sub-national planned policies that target specific building technologies. Notably, an aggregate “other” energy demand category originally in GCAM-SEA was disaggregated to include consumption details from specific appliances like ceiling fans, refrigerators, and even different types of light bulbs. This detailed buildings sector was modeled using assumptions on residential and commercial energy consumption for different appliances and fuels in Southeast Asia (Nakagami, Murakoshi and Iwafune, 2008; ‘State of residential energy consumption in Southeast Asia’, 2017; ‘Malaysia Energy Statistics Handbook, 2020’, 2020; Economic and Social Commission for Asia and the Pacific, 2018; Poolsawat et al., 2020).
2.3 Scenario development
Through an iterative process with the stakeholders, we developed three unique scenarios to explore Malaysia and Kuala Lumpur’s pathways toward carbon neutrality by 2050 (Table 3). We include a “Business as Usual” (BAU) scenario as a projection through 2050, which is GCAM-SEA’s reference scenario based on historical population, GDP, and energy and technology trends and does not include any additional assumptions. Our “Policies” scenario reflects the implementation of a broad set of currently planned national and city climate policies and targets (detailed in Section 2.3.1) and represents the pathway Malaysia is currently on, if these plans come to fruition. Finally, our “Carbon Neutral” scenario specifies that in addition to the policies modeled, Malaysia must reach carbon neutrality in 2050; we refer to this requirement as an emissions constraint (Section 2.3.1.5). This scenario provides the least-cost pathway to reach carbon neutrality by 2050 through sector-specific reductions, given that current measures in the Policies scenario do not achieve this. Note that there is a difference between carbon neutral and net-zero, with the former relying on emissions capture and sequestration to offset any CO2 that is produced, while the latter reduces CO2 and other greenhouse gas emissions in addition to using emissions removal and sequestration technologies.
TABLE 3 | Scenario names and components, including if policies or an emissions constraint are included.
[image: Table 3]These scenarios provide an overview of potential future pathways for Malaysia and Kuala Lumpur, and can highlight trade-offs between different policy and technology options, giving valuable insights to decision-makers on potential impacts. While they do not represent every possible pathway to reach carbon neutrality, these three scenarios were selected to show a set of options relevant to the pathways currently being discussed for Malaysia. These scenarios are reasonable for this analysis because they demonstrate potential outcomes if emissions continue without intervention (BAU) or planned policies are enacted (Policies), or if additional technologies and timelines may be needed to reach carbon neutrality (Carbon Neutral).
2.3.1 Modeling policies
Designing a scenario requires making sectors in GCAM-SEA respond to an imposed policy. With user-defined policies, GCAM-SEA incorporates user-defined exogenous information into its solving process. The policies that we model in our Policies and Carbon Neutral scenarios include changes to the buildings, industry, transportation, and electricity generation sectors. These policies were sourced from Malaysia and Kuala Lumpur plans and targets (Table 4), with insights and guidance from the stakeholders. While the policies modeled here represent the majority of on-the-books plans, note that we did not include all policies currently in place or planned in Malaysia or Kuala Lumpur, such as those to reduce emissions from waste in Kuala Lumpur.
TABLE 4 | A list of Malaysian policies, plans, and commitments related to carbon neutrality that were used to model our scenarios.
[image: Table 4]In the Policies scenario, where available, we used a numeric target that was explicitly specified in a plan for a given year, such as 80% public transit in Kuala Lumpur by 2050. To create scenarios that are as realistic as possible with the available data, target values were sourced from both Kuala Lumpur’s and Malaysia’s policy and planning documents. This means that for some targets, we applied either city or national values to both Kuala Lumpur and RoM if there was only data at one level. These details are in noted in Supplementary Table S2, and Sections 2.3.1.1–2.3.1.4 explain the technical implementation of these policies.
2.3.1.1 Building policies
Kuala Lumpur identified improving new and existing building energy efficiency as a key component of its strategy to achieve carbon neutrality by 2050 in the KLCAP 2050, and the MS 1525 supports this concept at the national level. One approach to increasing energy efficiency in buildings is improving the building envelope, which attempts to maximize the energy efficiency of a building’s exterior. Here, we model a gradual increase in efficiency of the building envelope by reducing the energy demand for cooling required to keep buildings at a given temperature. Additional measures to improve energy efficiency include increasing the efficiency of specific appliances such as Air-Conditioning and Mechanical Ventilation (ACMV) systems or using high-efficiency lighting. The KLLCSBP 2030 identifies specific targets for the share of high-efficiency appliances. We reflect this in GCAM-SEA by increasing the share of high-efficiency technologies like air conditioners and ceiling fans and decreasingpossible with the available data, target values were sourced from both the share of low-efficiency technology options. Furthermore, in alignment with the KLLCSBP 2030’s commitments to only use energy-efficient lighting in new buildings and upgrade the lighting in existing buildings, we implement a phase-out of non-efficient lighting options so that only LEDs are left in the market in 2050.
2.3.1.2 Industry policies
Policies for the industry sector target a general efficiency increase in industrial processes and an exploratory hydrogen fuel policy. We gradually increase overall energy efficiency for the industrial sector at a modest rate to reflect developments in industrial technologies like efficient motors and new manufacturing techniques. Because heavy industry is difficult to decarbonize and may require advanced technologies, we also include hydrogen as a fuel source for industry. The 12th Malaysia Plan discusses the potential of hydrogen use as an innovative technology and alternate green fuel source, and the National Energy Policy identifies Malaysia’s competitive advantage in becoming a net hydrogen exporter. As a long-term hydrogen roadmap is still being developed, we chose to model the introduction of hydrogen to industry in 2030.
2.3.1.3 Transportation policies
Transportation policies include a modal shift from private to public transportation and an increase in electric vehicles (EVs). The KLSP 2040 emphasizes an integrated public transportation system, with goals of 60% public passenger transit in Kuala Lumpur by 2030 and 70% by 2040. This is a significant increase from the current split, which is roughly 20% public and 80% private. In GCAM-SEA, this is represented by an increase in kilometers traveled by rail, bus, cycling, and walking and a decrease in kilometers traveled by car and motorcycle. At the national level, the Low Carbon National Aspiration 2040 (LCNA 2040) in the National Energy Policy discusses a target of 50% public passenger transit by 2040. We model this shift similarly but with a greater reliance on buses, cycling, and walking than rail. Both plans also emphasize the importance of scaling up the use of EVs. The KLLCSBP 2030 and LCNA 2040 list goals of 20% EVs by 2030 in Kuala Lumpur and 38% by 2040 nationally, respectively. In GCAM-SEA, we model the increase in EVs through a pricing mechanism that lowers the cost of EVs to be equivalent to that of non-EVs in a future year, therefore making them a more affordable and attractive option.
2.3.1.4 Electricity generation policies
Renewable energy is a key factor to meet Malaysia’s goal of reducing carbon emissions intensity per GDP by 45% in 2030. The MyRER outlines the country’s plans for reducing the share of coal and gas relative to renewable sources like solar, hydropower, and biomass. GCAM-SEA captures these dynamics by matching the target share of each renewable fuel source each year. Additionally, reflecting Malaysia’s 2021 commitment to build no additional coal-fired power plants (Nathan, 2021), we impose a constraint beginning in the year 2020 that prevents new coal-fired power plants without CCS from being built in the model.
2.3.1.5 Emissions constraint
To implement an emissions constraint in GCAM-SEA, we require the model to reach a specific level of emissions in a particular year. In this case, we model net-zero CO2 emissions for Malaysia and the rest of the world in 2050. This means that all CO2 emitted must be offset through carbon sequestration or removal. Note that a separate emissions constraint must be set for the rest of the world to avoid leakage. In practice, GCAM-SEA calculates the price of carbon needed to reach the constraint in each period, and will find the least-cost pathway to satisfy the emissions constraint in terms of technology deployment. This carbon price is not included in the markets, but is instead used in the model’s solution approach. An economy-wide constraint can be used by itself or in combination with additional sectoral policies described above.
3 RESULTS
3.1 Emissions reduction potential
Malaysia has the potential to reach carbon neutrality in 2050 through additions to existing policies and plans. Figure 2 illustrates the progression of emissions reductions from the BAU scenario to the Policies scenario, and from Policies to Carbon Neutral. Additionally, it shows both the direct and indirect emissions, where direct emissions are those from fossil fuel combustion and industrial processes, and indirect emissions are those associated with electricity consumption by a given sector. BAU emissions in 2050 total 359 MTCO2. Current policies and targets as represented in the Policies scenario reduce emissions to 190 MTCO2, less than 50% of the mitigation necessary to reach carbon neutrality. This implies that while effective, Malaysia’s current plans are not sufficient to achieve carbon neutrality in 2050. However, additional investment in large-scale electrification and increased use of advanced technologies like carbon capture and storage (CCS) and hydrogen can result in carbon neutrality, as shown in the Carbon Neutral scenario (Figures 4, 5). The following sections will discuss the details of and key insights from these results.
[image: Figure 2]FIGURE 2 | An overview of direct and indirect emissions in Malaysia in 2050, and the progression of emissions reductions from BAU to the Policies scenario and from Policies to Carbon Neutral.
3.2 Decarbonizing the power sector
The power sector presents significant opportunities and challenges as Malaysia’s greatest source of emissions; electricity generation made up 42% of Malaysia’s CO2 emissions in 2020 (Climate Watch Data Explorer, 2020). Both decarbonization and widespread electrification through measures described in Section 3.3 will be key factors in reaching carbon neutrality. Figure 3 describes Malaysia’s electricity generation mix in detail. In 2015, nearly 90% of the power generation in Malaysia was sourced from coal or gas, with only a fraction from renewable sources. In a BAU case, the generation mix does not change drastically into 2050, with a significant reliance of just over 75% on coal and gas, 14% from solar, and 6% from hydropower. In the Policies scenario, total electricity generation decreases relative to BAU due to policies targeting energy efficiency measures in end-use sectors. Notably, nearly three-quarters of total generation are projected to be sourced from renewables, which reduces power sector emissions by almost 75% compared to the BAU case.
[image: Figure 3]FIGURE 3 | Electricity generation projections for Malaysia in 2050 in the BAU, Policies, and Carbon Neutral scenarios, sectioned by fuel type and sequestration method. Data for 2015 is included as a reference.
In the Carbon Neutral scenario, renewable energy and fossil fuels using CCS technologies make up nearly 75% of total electricity generation. However, total electricity generation increases in the Carbon Neutral scenario compared to BAU and Policies due to the level of electrification required to achieve carbon neutrality. We find that almost 100% of the energy consumed in the buildings sector, 80% in the transportation sector, and 42% in the industry sector will need to be sourced from electricity (Figure 4). This drives the high demand for electricity in the Carbon Neutral scenario, which further emphasizes the importance of decarbonizing the power sector. Without clean energy powering the grid, this increase in demand would cause emissions to spike. Instead, we find that 95% of power emissions are reduced in the Carbon Neutral scenario compared to BAU, implying that Malaysia can bring its largest source of emissions down to nearly zero by scaling up the use of solar and hydropower.
[image: Figure 4]FIGURE 4 | Aggregate energy consumption by sector for each scenario in 2050, with 2015 as a reference. The “Other” fuel category includes small amounts of biomass in industry and buildings and solar water heaters in buildings.
3.3 Energy efficiency and demand side measures
Demand-side measures to increase energy efficiency in the buildings, industry, and transportation sectors can significantly reduce energy consumption and emissions. Total energy consumption for Malaysia is projected to be 1.9 EJ in a BAU scenario in 2050; modeled policies and plans can bring this down slightly. Further electrification in the Carbon Neutral scenario reduces total energy consumption to 1.2 EJ in 2050. Figure 5 illustrates these metrics.
[image: Figure 5]FIGURE 5 | Energy consumption by end-use fuel in buildings, industry, and transportation in 2050, with 2015 as a reference. Note that biomass appears in buildings (rural cooking) and industry, and small amounts of solar are in the buildings sector as solar water heaters.
The buildings sector is already largely electrified, with electricity making up 82% of energy consumption in a BAU scenario in 2015 and through 2050. Therefore, there are relatively few direct emissions from buildings, and energy efficiency improvements are highly effective at lowering total energy use. In a Carbon Neutral scenario, energy consumption in buildings is reduced by almost 40% and nearly all of this consumption is from electricity. Even so, electricity use in buildings also decreases by a quarter relative to BAU, reflecting the impacts of energy efficiency improvements driven by the use of efficient lighting and appliances.
Industrial energy consumption totaled 0.15 EJ in 2015 and 0.28 EJ in a 2050 BAU case. Energy efficiency improvements and the introduction of hydrogen can lower energy consumption by 10% in the Policies scenario and 35% in the Carbon Neutral case. Furthermore, in the Carbon Neutral scenario, 60% of energy is sourced from electricity and hydrogen, up from 34% in BAU. There is a significant decrease in fossil fuel use and an increase in hydrogen required to achieve carbon neutrality relative to the Policies scenario. In both the BAU and Policies scenarios, 65% of 2050 energy consumption is sourced from fossil fuels, versus almost 40% in the Carbon Neutral case, although some of those resulting emissions are curbed by CCS.
Energy consumption for the transportation sector grows by almost a third from 2015 to 2050 in our BAU scenario. Through an increase in public transportation and the use of EVs and hydrogen vehicles, transportation energy consumption can be reduced by 15% in the Policies scenario and up to 34% in the Carbon Neutral scenario, driven by less private vehicle use. In the Carbon Neutral scenario, this decrease in energy can be attributed to the near-full electrification - 80% - of total transportation energy. This will require a large shift in transportation trends; we find that by 2050, two-thirds of passenger and 85% of freight road vehicle kilometers traveled are by EVs, and 12%–15% of both passenger and freight road vehicle kilometers traveled are from hydrogen vehicles, respectively. With these changes, emissions directly from transportation will be substantially reduced by over 80% from BAU as compared to a 12% decrease in the Policies scenario relative to BAU. In addition to the increased use of EVs, transportation becomes primarily public over private, with most of the remaining private transportation being electric or hydrogen vehicles. In a Carbon Neutral scenario in 2050, we find that over half of passenger vehicle kilometers traveled in Malaysia are from public transportation, and this increases to nearly three-quarters in Kuala Lumpur.
3.4 Advanced technologies
The Carbon Neutral scenario highlights the need for advanced technologies such as hydrogen and CCS to reduce emissions in hard-to-abate sectors, like industry. In 2050, 89 MTCO2 are captured through CCS, bioenergy CCS, or through carbon sequestration in the land sector (Figure 6), which equates to a quarter of 2050 emissions in a BAU case. In practice, these carbon storage and sink technologies could expand outside of CCS and land use, and include negative emissions options like direct air capture. We also explore the impacts of introducing hydrogen in the transportation and industry sectors, which can be seen in Figure 5. In the Carbon Neutral scenario, hydrogen makes up close to 10% of transportation final energy consumption and almost 20% of industrial energy consumption. This is particularly significant for industry as certain industrial processes depend on the use of fossil fuels, and a shift away from fossil fuels is necessary to reach carbon neutrality. Introducing hydrogen at a relatively large scale presents an alternate path to decarbonization while maintaining reasonable energy use levels and generation requirements.
[image: Figure 6]FIGURE 6 | Reaching carbon neutrality in 2050 will require carbon sequestration for the power sector and industry. The dark grey bars represent CO2 emissions, and the green bars represent CO2 sequestration technologies. The dashed, white bars represent emissions that are immediately taken up by CCS.
3.5 Multilevel governance and the role of Kuala Lumpur
As the wealthiest and most populous city in Malaysia, contributing to about 15% of national GDP, Kuala Lumpur has the potential to significantly reduce CO2 emissions (Department of Statistics Malaysia, 2023). In the 2050 BAU scenario, Kuala Lumpur’s direct and indirect emissions were 7% of the country’s total at 26 MTCO2. In the Carbon Neutral scenario, Kuala Lumpur reduces nearly 90% of its emissions relative to BAU, resulting in residual emissions of 3 MTCO2 that are offset by measures at the national level. Figure 7 outlines the emissions in each scenario and the reductions between them. At the sector level, Kuala Lumpur contributes 13% of Malaysia’s total building emissions, 2% of industry emissions, and 13% of transportation emissions in a 2050 BAU case. While industry is a small–but nontrivial–percentage of total emissions, this reflects Kuala Lumpur’s relative lack of heavy industry compared to the rest of Malaysia.
[image: Figure 7]FIGURE 7 | An overview of direct and indirect emissions in Kuala Lumpur in 2050, and the progression of emissions reductions from BAU to the Policies scenario and from Policies to Carbon Neutral.
The impact of indirect emissions from electricity consumption in Kuala Lumpur is of particular importance, especially when it comes to collaboration between sub-national and national legislators. Increased electrification with a scale-up of renewable energy is a powerful mitigation tool, but, aside from rooftop solar power, Kuala Lumpur has limited control over this. Advances in energy efficiency, digitalization, and electrification in Kuala Lumpur need to be supported with similarly ambitious renewable energy infrastructure at the national level, otherwise, the city’s impact will be curbed. Therefore, multilevel governance and engagement are critical elements to reach carbon neutrality by 2050.
For direct emissions, Kuala Lumpur can have the most impact in the transportation sector, as this is the source of most of the city’s direct emissions. By promoting public transportation and electric vehicles, Kuala Lumpur can mitigate almost all direct transportation emissions, although its influence is limited as it only has jurisdiction within city boundaries; large-scale shifts in transportation need to be supported by the national government.
4 DISCUSSION
With targeted, ambitious policy action in addition to what is currently planned, Malaysia can achieve its goal of carbon neutrality by 2050. Our modeling results show that widespread electrification across the buildings, industry, and transportation sectors is required to reach carbon neutrality. Vast electrification only makes the necessary impact when paired with decarbonization of the power sector. Increased deployment of renewable energy is therefore highly impactful for reducing emissions, considering the significant increase in projected future electricity consumption. On the demand side, energy-efficient measures and smart technologies can reduce energy consumption. This is particularly important for the largely electrified buildings sector and hard-to-mitigate industrial emissions. In the transportation sector, we find that near-full electrification is necessary to reach carbon neutrality alongside an increase in public transportation. In addition to these measures, the introduction of advanced technologies like hydrogen and CCS make carbon neutrality by 2050 attainable, with carbon dioxide removal playing a major role in sequestering residual emissions. Incorporating a land use sink to sequester carbon could be a valuable addition to Malaysia’s plans, but future land use change should be carefully considered as this can have a huge impact on emissions potential. Finally, we see that Kuala Lumpur contributes significantly to Malaysia’s emissions, and that ambitious city-level policies can have a large impact at the national level when supported by corresponding action in Malaysia as a whole. Including cities and a wide range of stakeholders in the development of the country’s LT-LEDS can therefore support Malaysia in achieving its various climate goals.
These results suggest a hopeful future for Malaysia’s ability to meet its NDC and beyond, but there may be implementation challenges during this energy and technology transition. Increasing the use of renewable energy while phasing out fossil fuels can result in intermittency issues due to variability in the availability of renewables, mainly solar and hydropower in Malaysia. The Malaysian government has been proactive in preparing for this emerging need for battery storage for excess renewable energy, and the MyRER states that a key action after 2025 will be to prioritize energy storage solutions (‘Malaysia Renewable Energy Roadmap’, 2021). Investment and financing can also be an obstacle, especially when it comes to advanced technologies like CCS. In Malaysia, PETRONAS, a leading global energy company, is actively collaborating with multiple major energy companies such as ExxonMobil, Shell, and JAPEX on CCS opportunities (Petroliam Nasional Berhad, 2022a; 2022b; 2023). Funding CCS development can help Malaysia reach carbon neutrality, in addition to creating jobs and improving the economy (International Trade Administration, U.S. Department of Commerce, 2023). Stakeholders in Malaysia are aware of the implementation challenges associated with decarbonization, and their climate action plans address numerous actions to face them. Discussing these barriers and the results of our analysis with stakeholders revealed many benefits of including them in IAM.
By including DBKL, NRECC, and SEDA in this analysis, we were able to receive direct feedback from the stakeholders throughout the entire process. This included conversations about data assumptions, baseline scenario results, policy information, and importantly, the alignment of our modeling process with the circumstances in Malaysia. Our engagement facilitated access to all the relevant policy and planning documents, data that may have been otherwise difficult to find, and allowed us to get clarification on content in any of these resources. These discussions allowed us to be more confident in our modeling, and for the stakeholders to be more accepting of our results. Without this stakeholder involvement, we may have designed scenarios that did not best fit their needs, lacked access to data sources and the most up to date planning documents, and conducted an analysis that was not useful. We were able to collaboratively develop scenarios that provided insights additional to analysis they had already conducted, like the Carbon Neutral scenario revealing specific further actions that are needed at the national and city levels. Now, DBKL, NRECC, and SEDA are likely to use the results we have worked toward together to inform their emissions mitigation planning.
This analysis exemplifies the benefits of stakeholder-engaged integrated assessment modeling, but the IAM itself has some areas of improvement. Due to data limitations regarding energy consumption at the sub-national level, alternative methods were used to downscale national energy consumption, as shown in Table 2. These methods may not have captured the entire scope of energy consumption and the related emissions in Kuala Lumpur, and result in downplaying the city’s true abatement potential. For example, our sub-national modeling did not include some urban technologies, such as rooftop solar, which would have increased the potential for renewable energy in Kuala Lumpur without relying on measures at the national scale. Additionally, baseline energy and emissions associated with industry and freight transport in Kuala Lumpur may be underestimated in our modeling. We downscale industry energy consumption based on the percent of industry in Kuala Lumpur, but there is a significant amount of industry clustered around the margins of the city. In GCAM-SEA, these emissions, and future emissions reductions, are attributed to the RoM. There is a similar case for freight transport, where only the energy consumed for shipping and aviation within Kuala Lumpur is allocated to the city. This fails to consider the energy associated with bringing merchandise from other areas in Malaysia to Kuala Lumpur. With additional data and engagement these limitations can be overcome, but they uncover some considerations that should be made when applying IAM to cities, like whether this level of complexity is needed.
Our experience has shown that both the IAM team and stakeholders benefit from a participatory process, such as the one used in this analysis. This engagement allowed PNNL and UTM to gain a deeper understanding of the modeling goals and needs of DBKL, NRECC, and SEDA to help inform their carbon mitigation planning. By including the stakeholders throughout this process, we were able to ensure our analysis was on the right track, and that it would be useful to the stakeholders. DBKL, NRECC, and SEDA will be able to use the results and recommendations from this analysis to develop future climate action plans and policies. Climate plans that reflect stakeholder needs can be more accurate and have a greater degree of buy-in, and hence can be a significant force aiding jurisdiction in making carbon neutral targets.
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FOOTNOTES
1On 12 December 2023, NRECC was divided into the Ministry of Natural Resources and Environmental Sustainability (NRES) and the Ministry of Energy Transition and Public Utilities. Climate change matters will be handled by NRES, and this division post-dated the completion of our study.
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